The real-time multivariate MJO (RMM) indices have been widely applied to diagnose and track the progression of the Madden Julian Oscillation (MJO).
Introduction
In a widely acclaimed recent article, Wheeler and Hendon (2004, hereafter WH04) applied extended EOF analysis of outgoing longwave radiation (OLR) and wind anomalies at 850 and 200 hPa to extract signals of the Madden Julian Oscillation (MJO, e.g., Madden and Julian 1994; Zhang 2005) . They showed that the first two eigenmodes have horizontal and vertical structures consistent with the known structure of the MJO.
These two eigenmodes are in quadrature in longitude, and their principal component time series are frequently in quadrature as well. WH04 used these relationships to demonstrate that their combination is usually associated with an eastward-propagating pattern. WH04 demonstrated that the MJO dominates the RMM principal components (PCs). However, they also noted that noise in the data results in frequent erratic variations in the two PCs. The purpose of this note is to demonstrate that many of these erratic variations are not generated by noise. Instead, they are systematically related to other atmospheric wave modes that project onto the spatial pattern of the MJO.
To simplify this demonstration, we focus on three modes of organized tropical convection: the MJO, convectively coupled equatorial Rossby (ER) waves, and convectively coupled Kelvin waves. These modes might not be the only ones relevant to the problem. These modes are each associated with patterns of alternating zonal wind on the equator. However, each evolves differently in time. The MJO and the Kelvin waves both propagate eastward, but their phase speeds differ substantially, with the MJO moving at roughly 5 ms -1 and the Kelvin waves moving at 10-17 ms -1 (e.g., Yang et al. 2007; Roundy 2008 Matsuno 1966; Hendon and Salby 1994; Wheeler et al. 2000; . WH04 suggest that the deep baroclinic vertical structure of the MJO distinguishes it from convectively coupled equatorial waves. However, ER waves and Kelvin waves do occasionally develop deep baroclinic circulations similar to those of the MJO, especially as they propagate over the eastern hemisphere warm pool (Wheeler et al. 2000; Yang et al. 2003; Kiladis et al. 2008 ).
Development of the RMM Eigenmodes
The purpose of this analysis is to estimate the contributions of ER and Kelvin waves to the RMM indices. Daily interpolated OLR data on a 2.5° grid were obtained from the NOAA Earth System Research Laboratory website (Liebmann and Smith 1996) . Daily zonal winds at 850 hPa and 200 hPa on a 2.5° grid were obtained from the NCEP/NCAR reanalysis (e.g., Kalnay 1995) . The longterm mean and primary three harmonics of the seasonal cycle were then subtracted from the OLR and wind data. Then, the spatial patterns of the RMM eigenmodes were calculated. This was done following WH04:
a. Longer-time-scale components are removed:
The 120-day mean of the previous 120 days was subtracted daily from each grid point. We found that this subtraction produced eigenmodes that are essentially identical to those of WH04, so no further removal of ENSO was deemed necessary for the applications in this note.
b. Meridional Averaging
The resulting OLR and wind anomalies are averaged over all latitudes from 15°N to 15°S. These averages are then normalized by dividing by the zonal mean temporal standard deviation. As WH04 suggest, this step is required so that the results are not biased toward the OLR or wind data.
c. EOF Analysis
The time series of the normalized OLR and wind anomalies are placed as columns in a matrix X. The variance covariance matrix of X is calculated, and the RMM EOFs are the leading two eigenvectors of the result. As demonstrated by WH04, these are consistent with the horizontal and vertical structure of the MJO. The eigenvectors calculated here are identical to those shown in Fig. 1 of WH04. The RMM index PCs are obtained by projecting the data onto these EOF patterns.
Projections of Wave-Filtered Data Onto the RMM Eigenmodes
Numerous propagating modes contribute to the anomalies of OLR and winds that are projected onto the EOF patterns to calculate the RMM PCs. Since the spatial patterns of different observed modes are not generally orthogonal to each other, multiple modes may project onto the same spatial patterns. In order to diagnose the relevance of these modes to the RMM indices, it is useful to filter the OLR and wind data for bands of the wavenumber frequency domain that are consistent with these modes and then to project the filtered data onto the EOF patterns derived above. Many authors have applied filtering in the wavenumber frequency domain to isolate the signals of the MJO and convectively coupled equatorial waves (e.g., Wheeler and Kiladis 1999; Roundy and Frank 2004; Roundy 2008) . We filtered OLR and wind data for the MJO and for these waves by using the filter bands shown in Fig. 1 . The filtered data were obtained by calculating the Fourier transform in longitude, followed by another transform in time, and then performing the inverse transform by integrating only over the region of the spectrum defined by the filter. We then developed analogs to the RMM principal components related to those selected wavenumber frequency bands by projecting the filtered data onto the same RMM eigenmodes calculated above that are based on the unfiltered data. Figure 2 e demonstrates that the addition of the ER wave signal (Fig. 2 c) to the MJO signal ( Fig. 2 b) results in sharper changes in the direction of progression across the phase space than are seen with the MJO alone in Fig. 2b (i. e., the curve associated with the combined signal follows nearly straight lines punctuated by rapid turns in the phase space). These changes make the combined signal more consistent with the unfiltered data shown in Fig. 2 a. Figure 2 f demonstrates that addition of the Kelvin wave signal further helps to develop the pattern of lobes seen in Fig. 2 a. Comparison of the unfiltered projection (Fig. 2 a) , MJO-filtered projection (Fig. 2   b) , and the sum of the filtered projections (Fig. 2 f) clearly demonstrates that the sum (Fig. 2 f, which includes the MJO signal together with the ER and Kelvin wave signals) is more similar to the unfiltered projection (Fig. 2 a) than is Fig. 2 b ( which includes only the signal consistent with the commonly accepted spectral characteristics of the MJO).
Although Fig. 2 f is similar to Fig. 2 a, it is not an exact match, suggesting that other patterns also project onto the RMM eigenmodes besides the two analyzed here.
However, this result clearly demonstrates that most of the erratic variations in the RMM phase space (e.g., Fig. 2 a) are not generated by random variations in the data as WH04
suggest, but are in fact associated with systematic propagating patterns associated with ER waves, Kelvin waves, and possibly other disturbances, which each project onto the spatial patterns of the RMM modes.
In order to clarify the relevance of disturbances in the ER and Kelvin wavenumber frequency bands to the RMM indices throughout the climatology, we plot histograms of the amplitudes of the PCs that result from projecting unfiltered and filtered OLR and wind data onto the first EOF for the entire datasets from June 1974 through 2006. Results for EOF 2 are similar (not shown). As above, the EOF spatial patterns are based on the OLR and wind anomalies from the seasonal cycle and the recent 120-day mean (Fig. 3 ). and winds, 3c is based on projections of ER filtered data, and 3d is based on data filtered for Kelvin waves. Fig. 3e shows the histogram of the projection of the sum of the MJO and ER filtered data onto the first EOF and Fig. 3f shows the histogram of the projection of MJO+ER+Kelvin filtered OLR and winds onto the pattern of the first EOF. The similarity between the total field ( Fig. 3a) and the MJO signal (Fig. 3b) Fig. 3d) with that for the ER band (3c) suggests that Kelvin waves tend to contribute more on average to the RMM indices than do ER waves. Comparison of the sum of the filters (Fig. 3f) with the unfiltered data ( Fig. 3a) further demonstrates that projection of the sum of MJO, ER, and Kelvin filtered data is more similar to the projection of unfiltered data than is projection of data filtered for the MJO alone.
Improving the RMM Phase Space by Temporal Smoothing
Although we have shown that ER waves and convectively coupled Kelvin waves project onto the RMM eigenmodes along with the MJO, the MJO is on average the greatest contributor to the signal in the RMM phase space. Since these other modes tend to be characterized by frequencies higher than those of the MJO, temporal smoothing of the PCs would reduce their contribution relative to that of the MJO. To illustrate, Fig. 4 shows the unsmoothed RMM phase space for the same period of time as shown in Fig. 2 (black curves), plotted with the same quantity smoothed with an 11-day centered moving average (gray curves) for (a), projections based on unfiltered data, (b), projections based on the MJO-band, (c), projections based on the ER band, and (d), projections based on the Kelvin band. These results suggest that the smoothing reduces the amplitude of each of the different signals that project onto these eignemodes. The MJO-band signal (Fig.   4b ) is reduced the least, and the Kelvin signal is reduced the most (Fig. 4d) . The smoothing almost completely removes the small lobe patterns associated with Kelvin waves from (Fig. 4a) , but it does not remove the abrupt turns in the phase space associated with the ER wave projections. Although a centered moving average cannot be applied in real time since that would require knowledge of future data, smoothing by averaging over several days up to the present might also be effective (except that such smoothing would shift the phases of smoothed signals backward in time relative to the observed events).
Conclusions
Although WH04 
